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SECTION 1 

SUMMARY AND INTRODUCTION 

The Apollo Sa turn  V AS-511 v e h i c l e  w a s  launched from Launch 
Complex 39, Pad A,  a t  t h e  Kennedy Space Center  on A p r i l  1 6 ,  
1 9 7 2 ,  a t  12:54:00 P.M. Eas te rn  Standard T i m e  (Range T i m e  
Zero) a t  an azimuth of 90 degrees eas t  of nor th .  Guidance 
Reference Release (GRR) occurred a t  -16.963 seconds. F i r s t  
motion occurred a t  0.3 second. A r o l l  maneuver w a s  
i n i t i a t e d  a t  12.7 seconds t o  p l ace  t h e  v e h i c l e  on a f l i g h t  
azimuth of 72.034 degrees  east of nor th .  

A l l  t r a j e c t o r y  parameters w e r e  c l o s e  t o  nominal from l i f t o f f  
t o  parking o r b i t  i n s e r t i o n .  The v e h i c l e  w a s  i n s e r t e d  i n t o  
parking o r b i t  a t  716.21 seconds a t  an a l t i t u d e  of 172.9 km 
(93.4 nmi) and a t o t a l  space-fixed v e l o c i t y  of 7,804.7 m / s  
(25,606.0 f t / s ) .  The v e h i c l e  remained i n  o r b i t  f o r  approxi- 

mately one and one-half r evo lu t ions .  The S-IVB s t a g e  w a s  
r e s t a r t e d  dur ing  t h e  second r evo lu t ion  over A u s t r a l i a  a t  
9,216.5 seconds . 
A t  9,568.42 seconds,  t h e  v e h i c l e  w a s  i n j e c t e d  i n t o  a near- 
nominal t r a n s l u n a r  t r a j e c t o r y  a t  an a l t i t u d e  of 317.1 km 
( 1 7 1 . 2  nmi) and a t o t a l  space-f ixed v e l o c i t y  of 10,840.5 m / s  
(35,565.9 f t / s ) .  A t  11,099.0 seconds, t h e  CSM sepa ra t ed  
from t h e  launch v e h i c l e  a t  an a l t i t u d e  of 7,167.9 km 
(3,870.4 nmi) and a t o t a l  space-fixed v e l o c i t y  of 7,566.6 m / s  
(24,824.8 f t / s ) .  

The impact l o c a t i o n  of t h e  spen t  S - I C  s t a g e  w a s  determined 
t o  be 30.207 degrees  n o r t h  l a t i t u d e  and 7 4 . 1 4 7  degrees  w e s t  
longi tude  a t  547.1 seconds. The impact l o c a t i o n  of t h e  
spent  S-I1 stage w a s  determined t o  be 31.726 degrees  no r th  
l a t i t u d e  and 35.990 degrees  w e s t  longi tude  a t  1 , 2 0 2 . 4  seconds. 

A more d e t a i l e d  d e s c r i p t i o n  of t h e  p o s t f l i g h t  m a s s  p o i n t  
launch v e h i c l e  t r a j e c t o r y  and launch parameters i s  given i n  
Sec t ion  2. The t r a j e c t o r y  i s  d iv ided  i n t o  t h e  fol lowing 
phases,  each d iscussed  i n  a s e p a r a t e  subsec t ion  of Sec t ion  2: 

a. Ascent (guidance r e fe rence  release t o  park ing  o r b i t  

b. Parking o r b i t  ( o r b i t  i n s e r t i o n  t o  S-IVB res tar t  

c. Second burn (S-IVB restart  p repa ra t ion  t o  t r a n s l u n a r  

d.  Translunar  o r b i t  ( t r a n s l u n a r  i n j e c t i o n  t o  CSM sepa ra t ion )  
e. Free f l i g h t  (expended S - I C  and S-I1 stages) 

i n s e r t i o n )  

p repa ra t ion )  

i n j e c t i o n )  
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SECTION 1 (Continued) 

The trajectories fo r  t h e  f i r s t  fou r  of t h e  above phases w e r e  
e s t a b l i s h e d  from e x t e r n a l  C-band r a d a r  and S-band t r a c k i n g  
data and ST-124M i n e r t i a l  p la t form onboard telemetered 
guidance v e l o c i t y  da t a .  Since no t r a c k i n g  data w e r e  avail- 
able f o r  t h e  s - I C  and s-I1 spen t  stages, t h e  t r a j e c t o r y  
phases o u t l i n e d  i n  (e) above w e r e  s imulated us ing  a c t u a l  
s epa ra t ion  cond i t ions  and nominal drag  and r e t r o r o c k e t  
performance data.  

Sec t ion  3 con ta ins  a d e s c r i p t i o n  -of t h e  t r a j e c t o r y  
r econs t ruc t ion  methods, a summary of  t h e  t r a c k i n g  data  used 
i n  t h e  a n a l y s i s  wi th  t h e  r e s u l t i n g  r e s i d u a l  p l o t s ,  and an 
estimate 'of t h e  u n c e r t a i n t y  i n  t h e  r econs t ruc t ed  t r a j e c t o r y .  

Appendix A provides  a d e f i n i t i o n  of t h e  symbols, nomencla- 
t u r e ,  and coord ina te  systems used i n  t h e  r e p o r t .  Appendix B 
i s  a t a b u l a r  h i s t o r y  of selected t r a j e c t o r y  parameters i n  
m e t r i c  u n i t s .  Appendix C p r e s e n t s  t h e  s a m e  parameters 
expressed i n  Engl ish u n i t s .  

1-2 



D5-15560-11 

SECTION 2 

TRAJECTORY DESCRIPTION 

This s e c t i o n  d e s c r i b e s  t h e  recons t ruc ted  t r a j e c t o r y ,  
re fe renced  t o  t h e  Instrument  Uni t  ( I U ) ,  by providing p l o t t e d  
h i s t o r i e s  of p e r t i n e n t  v a r i a b l e s  and t a b l e s  of important  
parameters a t  s i g n i f i c a n t  event  t i m e s .  The complete t i m e  
h i s t o r y  of selected Observed Mass Po in t  T ra j ec to ry  (OMPT) 
parameters ,  i n  both m e t r i c  and Engl ish u n i t s ,  i s  t a b u l a t e d  
i n  Appendices B and C ,  r e s p e c t i v e l y .  These t a b u l a t i o n s  are 
given i n  accordance with "P ro jec t  ApoI.10 Coordinate System 
Standards" (PACSS, Reference 1) and are i n  ea r th - f ixed  
launch s i te  (PACSSlO), launch v e h i c l e  naviga t ion  (PACSS13) 
and geographic p o l a r  (PACSS1) coord ina te  systems. For 
convenience, t h e s e  systems are descr ibed  i n  Appendix A a long 
with a d e f i n i t i o n  of o t h e r  terms and symbols used. 

A comparison of a c t u a l  and nominal t i m e s  f o r  s i g n i f i c a n t  
f l i g h t  even t s  i s  presented  i n  Table 2-1.  The a c t u a l  
t i m e s  f o r  t hese  even t s  are taken from Reference 2 .  The 
nominal data and t i m e s  are taken f r o m  Reference 3. Range 
t i m e ,  which is  referenced  t o  Range T i m e  Zero, i s  used through- 
ou t  t h i s  documentation un le s s  otherwise s p e c i f i e d .  Range 
T ime  Zero w a s  e s t a b l i s h e d  a t  17:54:00 Greenwich Mean T i m e  on 
Apr i l  1 6 ,  1 9 7 2 .  

The F i sche r  E l l i p s o i d  of 1960 (Reference 4 )  i s  used as t h e  
r e p r e s e n t a t i v e  model f o r  t h e  e a r t h  and i t s  g r a v i t a t i o n a l  
f i e l d ,  A l l  l a t i t u d e  and longi tude  coord ina tes  are def ined  
with r e s p e c t  t o  t h i s  e l l i p s o i d .  

The geographic coord ina tes  fo r  Launch Complex 39, Pad A ,  a t  
t h e  Kennedy Space Center are as fol lows:  

Geodetic La t i tude  28.608422 .degrees no r th  
Longitude 80.604133 degrees  w e s t  

The he igh t  of t h e  Instrument Unit  of t h e  launch v e h i c l e  
above t h e  r e fe rence  e l l i p s o i d  is  111.65m (366.31 f t ) .  

The azimuth alignments are as fol lows:  

Launch Azimuth' 9 0 . 0  degrees  east  of no r th  
F l i g h t  Azimuth 72.034 degrees  east of no r th  
ST-124M Platform 72.035 degrees  east  of no r th  

Azimuth 

The f l i g h t  azimuth, dependent on t h e  launch t i m e ,  launch day 
and month, i s  c a l c u l a t e d  using polynomial c o e f f i c i e n t s  taken 
from t h e  guidance p r e s e t t i n g s  i n  o r d e r  t o  achieve t h e  d e s i r e d  
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SECTION 2 (Continued) 

t r a n s l u n a r  t a r g e t i n g  parameters.  The t r a n s l u n a r  t a r g e t i n g  
parameters are func t ions  of t h e  moon p o s i t i o n ,  e a r t h  
parking o r b i t  i n c l i n a t i o n ,  earth-moon d i s t a n c e ,  and moon 
t rave l  rate. 

2 . 1  ASCENT PHASE 

The t r a j e c t o r y  parameters from guidance r e fe rence  release 
t o  parking o r b i t  i n s e r t i o n  w e r e  close t o  nominal. The 
space-fixed v e l o c i t y  and a l t i t u d e  a t  S - I C  OECO w e r e  10 .5  
m / s  (34.5 f t / s )  and 0.8 km ( 0 . 4  nmi) less than  nominal, 
r e spec t ive ly .  A t  S-I1 OECO, t h e  space-fixed v e l o c i t y  and 
a l t i t u d e  w e r e  4.7 m / s  (15.4 f t / s )  and 0 .2  km ( 0 . 1  nmi) less 
than  nominal. The a l t i t u d e  w a s  nominal, and t h e  space-fixed 
v e l o c i t y  w a s  0 .4  m / s  (1.3 f t / s )  g r e a t e r  t han  nominal a t  
S-IVB f i r s t  guidance cu to f f  s i g n a l .  The maximum a c c e l e r a t i o n  
w a s  37.46 m / s 2  (3.829) dur ing  t h e  S-IC phase. 

S i g n i f i c a n t  t r a j e c t o r y  even t s ,  such as Mach 1, maximum 
a c c e l e r a t i o n ,  etc:, are t a b u l a t e d  i n  Table 2-11. 
parameters a t  engine c u t o f f  t i m e s  are presented  i n  Table 
2-111.  Table 2 - I V  shows t r a j e c t o r y  parameters a t  stage 
s e p a r a t i o n  t i m e s ,  

T ra j ec to ry  

T o  supplement t h e s e  t a b u l a t i o n s  a t  discrete t i m e s ,  a number 
of q u a n t i t i e s  are p l o t t e d  over t h e  e n t i r e  a scen t  phase. 
Figure 2 -1  shows t h e  v e h i c l e  ground t r a c k  and t h e  l o c a t i o n  
of t h e  t r a c k i n g  s t a t i o n s  used i n  t h e  r econs t ruc t ion .  
A l t i t u d e ,  s u r f a c e  range, and cross range are p l o t t e d  versus  
t i m e  i n  F igures  2-2 through 2-4, r e spec t ive ly .  Space-fixed 
v e l o c i t y  and f l i g h t  pa th  angle  are shown i n  F igure  2-5. 
F igure  2-6 g ives  t o t a l  i n e r t i a l  a c c e l e r a t i o n .  Dynamic 
p res su re  and mach number are p l o t t e d  i n  F igure  2-7, The 
a scen t  phase t r a j e c t o r y  i s  t a b u l a t e d  i n  Tables B-I through 
B - I 1 1  i n  metric u n i t s ,  and i n  Tables  C - I  through C - I 1 1  i n  
Engl ish u n i t s .  

2 .2  PARKING ORBIT PHASE 

The parking o r b i t  spans t h e  i n t e r v a l  from i n s e r t i o n  t o  S-IVB 
restart  p r e p a r a t i o n  a t  8,638.6 seconds. F igure  2-8 g i v e s  
t h e  v e h i c l e  ground t r a c k  fol lowing parking o r b i t  i n s e r t i o n  
( P O I )  and shows t h e  v e h i c l e  p o s i t i o n  a t  s i g n i f i c a n t  event  
t i m e s  (see Table 2-11. 

The S-IVB/LM/CSM w a s  i n s e r t e d  i n t o  a near  c i r c u l a r  e a r t h  
park ing  o r b i t  (EPO) a t  716.21 seconds,  0.72 second later than  
nominal. The parking o r b i t  i n s e r t i o n  cond i t ions  w e r e  close t o  
nominal. Table 2-V g i v e s  t h e  a c t u a l  parking o r b i t  i n s e r t i o n  
condi t ions  and provides  a comparison with t h e  nominal values .  
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2 .2  (Continued) 

During t h e  parking o r b i t ,  no major t h r u s t i n g  occurred;  
however, t h e  o r b i t  w a s  cont inuously per turbed  by low-level 
LH2 vent ing.  The s m a l l  p e r t u r b a t i o n  w a s  considered i n  t h i s  
ana lys i s .  An a c c e l e r a t i o n  model w a s  b u i l t  f r o m  te lemetered  
guidance v e l o c i t y  d a t a  from t h e  ST-124M guidance platform.  
The guidance v e l o c i t y  d a t a  w e r e  f i t t e d  i n  segments by 
polynomials i n  t i m e .  The polynomials w e r e  a n a l y t i c a l l y  
d i f f e r e n t i a t e d  t o  model t h e  component a c c e l e r a t i o n s  sensed 
by t h e  guidance p la t form,  Table  2-VI l ists  t h e  a c c e l e r a t i o n  
polynomials der ived  by t h i s  method. F igure  2-9 r e f l e c t s  t h e  
b e s t  estimate of t h e  t o t a l  park ing  o r b i t  a c c e l e r a t i o n  (rss 
of components) a f t e r  modeling b i a s e s  have been removed. 

The parking o r b i t  phase is  t a b u l a t e d  i n  Table B-IV i n  metric 
u n i t s  and i n  Table C- IV i n  Engl i sh  u n i t s .  

2.3 SECOND BURN PHASE 

The second burn t r a j e c t o r y  phase spans t h e  i n t e r v a l  from 
S-IVB restart  p r e p a r a t i o n  a t  8,638.6 seconds t o  t r a n s l u n a r  
i n j e c t i o n .  The S-IVB s t a g e  w a s  r e s t a r t e d  0.6 second la te r  
than  nominal a t  9,216.5 seconds on t h e  second pass  over  
A u s t r a l i a  (see Table 2-1 f o r  s i g n i f i c a n t  event  t i m e s ) .  
The v e h i c l e  ground t r a c k  dur ing  t h i s  t r a j e c t o r y  phase i s  
shown i n  F igure  2-8 as a con t inua t ion  of  t h e  park ing  o r b i t  
phase. Vehicle a l t i t u d e  i s  p l o t t e d  i n  F igure  2-10. F igure  
2 - 1 1  shows t h e  space-fixed v e l o c i t y  and t h e  f l i g h t  pa th  
angle.  To ta l  i n e r t i a l  a c c e l e r a t i o n  is  shown i n  F igure  2-12. 

The second guidance cu to f f  s i g n a l  cond i t ions ,  dep ic t ed  i n  
Table 2-111,  w e r e  near  nominal. Cutoff occurred 1 .78  seconds 
earlier than  nominal wi th  t h e  a l t i t u d e  1 .6  km ( 0 . 9  nmi) less 
than  nominal, t h e  space-f ixed v e l o c i t y  1.6 m / s  (5.2 f t / s )  
g r e a t e r  than  nominal, and t h e  f l i g h t  pa th  angle  0.154 degree 
less than  nominal. 

The second burn phase i s  t a b u l a t e d  i n  Tables  B-V through 
B - V I 1  i n  m e t r i c  u n i t s  and Tables  C-V through C - V I 1  i n  Engl ish 
u n i t s .  

2 .4  TRANSLUNAR ORBIT PHASE 

The t r a n s l u n a r  o r b i t  phase spans t h e  i n t e r v a l  from i n j e c t i o n  
t o  S-IVB/CSM sepa ra t ion .  F igure  2-8 shows t h e  ground t r a c k  
continued through t h i s  t r a j e c t o r y  phase. 

Translunar  i n j e c t i o n  occurred a t  9,568.42 seconds,  1.78 
seconds ear l ier  than  nominal (see Table 2-11. The t r a n s l u n a r  
i n j e c t i o n  condi t ions  w e r e  close t o  nominal. Table  2 - V I 1  
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2 .4  (Continued) 

g ives  t h e  a c t u a l  t r a n s l u n a r  o r b i t  i n j e c t i o n  cond i t ions  and 
provides  a comparison wi th  t h e  nominal values. 

Acce lera t ions  dur ing  t h e  pe r iod  between t r a n s l u n a r  i n j e c t i o n  
and CSM s e p a r a t i o n  w e r e  t r e a t e d  as i n  parking o r b i t ,  
r ep resen t ing  them as segmented polynomials. Table 2 - V I 1 1  
l i s ts  t h e s e  polynomial c o e f f i c i e n t s  and t i m e  spans. The 
b e s t  e s t ima te  of t h e  t o t a l  t r a n s l u n a r  o r b i t  a c c e l e r a t i o n  
(rss of components) a f t e r  modeling b i a s e s  have been removed 
i s  p l o t t e d  i n  Figure 2-13. 

T ra j ec to ry  parameters a t  CSM s e p a r a t i o n  (def ined  as t h e  end 
of t h e  launch v e h i c l e  t r a j e c t o r y )  a r e  l i s t e d  i n  Table 2 - I X .  
The t r a n s l u n a r  o r b i t  phase i s  t a b u l a t e d  i n  Tables B-V 
through B-VI1 i n  m e t r i c  u n i t s  and Tables  C-V through C-VI1  
i n  English u n i t s .  

2.5 FREE FLIGHT PHASES 

P o s t f l i g h t  p r e d i c t i o n s  of e a r t h  s u r f a c e  impact parameters 
f o r  t h e  s p e n t  S - I C  and S- I1  s t a g e s  w e r e  computed us ing  a 
mass p o i n t  t r a j e c t o r y  s imula t ion  computer program. S - I C  and 
S-II p o s t f l i g h t  s e p a r a t i o n  p o s i t i o n  and v e l o c i t y  d a t a  w e r e  
combined wi th  nominal main propuls ion  system decay pe r fo r -  
mance and nominal r e t r o r o c k e t  performance t o  i n i t i a l i z e  t h e  
s imula t ion  program. 

2.5.1 S - I C  Spent Stage T r a j e c t o r y  

Three s e p a r a t e  t h e o r e t i c a l  t r a j e c t o r i e s  w e r e  computed f o r  
t h e  s p e n t  S - I C  s t age .  These t h r e e  t r a j e c t o r i e s  r e p r e s e n t  
t h e  fol lowing b o o s t e r  atmospheric e n t r y  condi t ions :  

a .  Zero-degree angle-of-at tack e n t r y  
b. Ninety-degree angle-of -a t tack  e n t r y  
c. Tumbling e n t r y  

The tumbling boos te r  case is  considered t o  d e f i n e  a c t u a l  ca se  
impact cond i t ions  although no t r a c k i n g  coverage was a v a i l a b l e  
f o r  confirmation.  

R e s u l t s  of t h e  three computed S - I C  spen t  s t a g e  t r a j e c t o r i e s  
are summarized i n  Table 2-X. The ground t r a c k  i s  shown i n  
Figure 2-14. 

2.5.2 S - I1  Spent Stage Tra j ec to ry  

Three s e p a r a t e  t h e o r e t i c a l  t rajectories,  corresponding t o  
t h e  zero-degree, ninety-degree,  and tumbling-case t r a j e c -  

2-4 
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2.5.2 (Continued) 

t o r i e s  computed f o r  t h e  S-IC stage, w e r e  computed f o r  t h e  
spen t  S- I1  s t age .  

The computed r e s u l t s ,  assuming a tumbling s t a g e ,  w e r e  
considered t o  d e f i n e  s t a g e  impact cond i t ions  s i n c e  no t rack-  
i n g  coverage of t h e  s p e n t  s-I1 s t a g e  w a s  a v a i l a b l e .  

Resul t s  of t h e  t h r e e  computed S- I1  spen t  s t a g e  t ra jector ies  
are summarized i n  Table 2 - X I .  The ground t r a c k  i s  shown i n  
Figure 2-14. 
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R A N G E  TIME - SECONDS 

FIGURE 2 - 5 .  SPACE-FIXED VELOCITY A N D  F L I G H T  PATH A N G L E  - 
A S C E N T  P H A S E  
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T A B L E  2 -1 .  T I M E S  O F  S I G N I F I C A N T  EVENTS 

E V E N T  

G u i d a n c e  R e f e r e n c e  Release 

F i r s t  M o t i o n  

S t a r t  o f  T i m e b a s e  1 

a c h  1 

Maximum Dynamic  Pressure 

S- IC  C e n t e r  E n g i n e  C u t o f f  

S - IC  O u t b o a r d  E n g i r l e  C u t o f f  

S - I C / S - I 1  S e p a r a t i o n  Command 

S-I1 C e n t e r  E n g i n e  C u t o f f  

S - I 1  O u t b o a r d  E n g i n e  C u t o f f  

S - I I / S - I V B  S e p a r a t i o n  Command 

S-IVB F i r s t  G u i d a n c e  C u t o f f  

P a r k i n g  O r b i t  I n s e r t i o n  

B e g i n  S-IVB R e s t a r t  P r e p a r a -  

5-IVB E n g i n e  R e i g n i t i o n  

S-IVB S e c o n d  G u i d a n c e  C u t o f f  

T r a n s l u n a r  I n j e c t i o n  

CSM S e p a r a t i o n  ( I n i t i a l )  

t i  o n s  

(STDV O p e n )  

ACTUAL 

- 16.963 

0.3 

0.6 

67.5 

86.0 

137.85 

161.78 

163.5 

461.77 

559.54 

560.5 

706.21 

716.21 

8,638.6 

9,216.5 

9,558.42 

9,568.42 

11,099.0 

NOMINAL 

-16.990 

0.3 

0.7 

67.1 

81.9 

137.96 

162.09 

163.8 

462.10 

559.21 

560.2 

705.49 

715.49 

8,637.9 

9,215.9 

9,560.20 

9,570.20 

11,060.4 

ACT-NOM 

0.027 

0.0 

-0.1 

0.4 

4.1 

-0.11 

-0.31 

-0.3 

-0.33 

0.33 

0.3 

0.72 

0.72 

0.7 

0.6 

-1.78 

-1.78 

38.6 
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T A B L E  2 -11 .  S I G N I F I C A N T  T R A J E C T O R Y  P A R A M E T E R S  

EVENT 

F i r s t  M o t i o n  

Mach 1 

Maximum Dynamic P r e s s u r e  

Maximum t o t a l  I n e r t i a l  
A c c e l e r a t i o n :  s-IC 

s - I 1  

5-IVB F i r s t  B u r n  

S-IVB Second B u r n  

Maximum E a r t h - F i x e d  
Ve l  o c i  t y  : s-IC 

s-I1 

S-IVB F i r s t  B u r n  

S-IVB Second B u r n  

PARAMETER 

Range Time, sec 
2 T o t a l  I n e r t i a l  A c c e l e r a t i o n ,  m/s2 

( f t / s  

Range Time, sec 

A 1  t i  t u d e  km 

Range Time, sec 

Dynamic P r e s s u r e ,  N/cm 

A1 t i  tude,  km 

I n  m i )  

2 
( l b f / f t  ) 

( n  m i )  

Range Time, sec 

A c c e l e r a t i o n ,  

Range Time, sec 
2 A c c e l e r a t i o n  m/s2 

I f t l s  1 
(9) 

Range Time, sec 

A c c e l e r a t i o n  m / s  2 

h s 2 )  
(9) 

Range Time, sec 
2 A c c e l e r a t i o n ,  m/s2 

( f t / s  1 
( 9 )  

Range Time, sec 

V e l o c i t y  m/s 

Range Time, sec 

V e l o c i t y  m / s  

Range Time, sec  

V e l o c i t y  m / s  

Range Time, sec 

V e l o c i t y  m / s  

h s )  

h s )  

f f t / s l  

f f t / s )  

VALUE 

0.3 

(1.08 

67.5 

7.9 
(4 .3)  

86.0 

3.47 
(724.7 1 

14.4 
(7.8) 

161.78 

37.46 
(122.90 

(3.821 

461.77 

17.07 
(56.00 

706.21 

(0.67 

9,556.42 

13.91 
(45.64 

(1.421 

162.5 

2,371.2 
(7,779.5) 

560.0 

6,568.7 
(21,550.9) 

716.21 

7,402.4 
(24,286.1) 

9,560.0 

10,445.2 
(34,269.0) 
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TABLE 2-V .  PARKING O R B I T  INSERTION CONDITIONS A N D  
COMPARISONS 

PARAME TE R 

Range Time, sec 

A1 t i  tude,  km 

Space-Fixed V e l o c i t y  , m/s 

F l i g h t  Path  Angle,  deg 

Heading Angle,  deg 

I n c l  i n a t i  on, deg 

Descending Node, deg 

E c c e n t r i c i t y  

Apogee*, km 
( n  m i )  

Per igee* ,  km 
( n  m i )  

Pe r iod ,  m in  

Geode t i c  L a t i t u d e ,  deg N 

Long i tude ,  deg E 

( n  m i )  

( f t / s  1 

ACTUAL 

716.21 

172.9 
(93.4) 

7,804.7 
(25,606.0) 

0.001 

88.932 

32.542 

123.123 

0.0002 

169.1 
(91.3) 

166.7 
(90.0) 

87. a5 

32.696 

-52.530 

NOMINAL 

715.49 

172.9 
(93.4) 

2,804.2 
(25,604.3) 

0.000 

88.907 

32.542 

123.138 

0 * 0000 

167.1 
(90.2) 

166.7 
(90.0) 

87. a3 

32 ' 696 

-52.558 

ACT-NOM 

0.72 

0 .o 
(0.0) 

0.5 
( 1  - 6 )  

0.001 

0.025 

0.000 

-0.015 

0 -0002 

2.0 
( 1 . 1 )  

0 -0 
(0.01 

0.02 

0.000 

0.028 

NOTE: Times used a r e  v e h i c l e  t imes.  
*Based on a s p h e r i c a l  e a r t h  o f  r a d i u s  6,378.165 km (3,443.934 n m i ) .  
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T A B L E  2-IX. CSM SEPARATION CONDITIONS 

P A R A M E T E R  

Range Time, s e c  

A 1  t i  t u d e ,  km 

S p a c e  F i x e d  V e l o c i t y ,  m/s 

F l i g h t  P a t h  A n g l e ,  d e g  

Heading A n g l e ,  deg 

G e o d e t i c  L a t i t u d e ,  deg N 

L o n g i t u d e ,  deg E 

( n  m i )  

( f t / s  1 

V A L U E  

11 ,099 .0  

7 ,167 .9  
( 3 , 8 7 0 . 4 )  

7 ,566 .6  
( 2 4 , 8 2 4 . 8 )  

45.397 

69.807 

26.101 

- 1  34.562 
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T A B L E  2-X. S - I C  S P E N T  STAGE T R A J E C T O R Y  PARAMETERS 

EVENT 

I m p a c t :  T u m b l i n g  Case 

I m p a c t :  0" A n g l e - o f -  
A t t a c k  

I m p a c t :  90" A n g l e - o f -  

Apex: T u m b l i n g  Case 

PARAMETER 

Range Time, sec  
L a t i t u d e ,  deg N 
L o n g i t u d e ,  deg W 
S u r f a c e  Range, km 

( n  m i )  

Range Time, sec  
L a t i t u d e ,  deg N 
L o n g i t u d e ,  deg W 
S u r f a c e  Range, km 

( n  m i )  

Range Time, s e c  
L a t i t u d e ,  deg N 
L o n g i t u d e ,  deg 
S u r f a c e  Range, km 

Range Time, s e c  
A1 t i  t u d e ,  km 

S u r f a c e  Range, k m  

( n  m i )  

( n  m i )  

( n  m i )  

VALUE 

547.136 
30.207 
74.147 

651.2 
(351.6)  

506.425 
30.226 
74.056 

660.2 
( 356 5)  

581.669 
30.194 
74 a 209 

645.0 
( 348.3) 

270.973 
116.8 

(63.1)  
323 e 7 

(174.8)  
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T A B L E  2 - X I .  S-11 S P E N T  S T A G E  T R A J E C T O R Y  PARAMETERS 

EVENT 

I m p a c t :  T u m b l i n g  Case 

I m p a c t :  0" A n g l e - o f -  
A t t a c k  

I m p a c t :  90° A n g l e - o f -  
A t t a c k  

Apex: T u m b l i n g  Case 

PARAMETER 

Range Time, s e c  
L a t i t u d e ,  deg N 
Long i tude , '  deg W 
S u r f a c e  Range, km 

Range Time, sec  
L a t i t u d e ,  deg N 
L o n g i t u d e ,  deg W 
S u r f a c e  Range km 

Range Time, sec  
L a t i  t u d e ,  deg N 
L o n g i t u d e ,  deg W 
S u r f a c e  Range km 

Range Time, sec 
A 1  t i  t u d e  a km 

S u r f a c e  Range km 

( n  m i )  

t n  m i )  

I n  m i )  

( n  m i )  

I n  m i )  

'VALUE 

1 ,202.390 
31.726 
35.990 

4,281.9 
(2,312.0) 

1,168.565 
31.688 
35.782 

( 2,327 .Q) 

1,241,504 
31 - 7 6 5  
36 . 287 

4,253.5  

584 . 122  
173.6 

1,812.5 
( 9 7 8  - 7 )  

4,309.6 

(2,296.7) 

(93.7) 
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SECTION 3 

TRAJECTORY ACCURACY 

Tra j ec to ry  r e c o n s t r u c t i o n  i s  an e s t i m a t i o n  process  with t h e  
r e s u l t i n g  confidence l e v e l  or accuracy of t h e  t r a j e c t o r y  
dependent upon t h e  fol lowing f a c t o r s :  

a,  Q u a n t i t y  of t r a c k i n g  d a t a  
b. Q u a l i t y  of t r a c k i n g  d a t a  
c. Consistency between t r a c k i n g  and guidance v e l o c i t y  d a t a  
d. Cont inui ty  between t r a j e c t o r y  phases (boos t ,  parking 

o r b i t ,  second burn,  and t r a n s l u n a r  o r b i t )  

These f a c t o r s  vary from f l i g h t  t o  f l i g h t  s o  t h a t  a r igo rous  
s t a t i s t i c a l  e r r o r  a n a l y s i s  of t h e  r econs t ruc t ed  t r a j e c t o r y  
i s  d i f f i c u l t  t o  ob ta in .  However, t h e  e x t e n t  t o  which 
sys t ema t i c  e r r o r s  can be i d e n t i f i e d  and c o r r e c t e d ,  p lus  
random e r r o r s  averaged o u t ,  determines t h e  accuracy of t h e  
r econs t ruc t ion .  T h i s  s e c t i o n  summarizes t h e  r e s u l t s  f o r  
t h e  AS-511 f l i g h t  and l eads  t o  t h e  p o s i t i o n  and v e l o c i t y  
u n c e r t a i n t i e s  f o r  t h e  r econs t ruc t ed  t r a j e c t o r y .  I n  a d d i t i o n ,  
t h e  b a s i c  a n a l y s i s  methods used i n  t h e  r e c o n s t r u c t i o n  are 
presented  i n  t h i s  s e c t i o n .  

3 .1  TRAJECTORY RECONSTRUCTION METHODS 

The t r a j e c t o r y  r e c o n s t r u c t i o n  process  takes p l ace  i n  t h r e e  
s t ages :  

a. I n i t i a l  d a t a  p r e p a r a t i o n  
b. Main a n a l y s i s  
c. Output data process ing  

The i n i t i a l  d a t a  p r e p a r a t i o n  conver t s  t h e  r a w  t r a c k i n g  and 
guidance v e l o c i t y  d a t a  t o  a form compatible wi th  t h e  
e s t ima t ion  programs. This i nc ludes  c o r r e c t i o n  f o r  atmo- 
s p h e r i c  r e f r a c t i o n ,  conversion of doppler  count t o  range 
ra te ,  and d a t a  e d i t i n g .  The main a n a l y s i s  e f f o r t  c o n s i s t s  
of i t e r a t i v e l y  developing s e p a r a t e  bu t  c o n s i s t e n t  powered 
and unpowered f l i g h t  t r a j e c t o r y  segments. The techniques 
used f o r  t h e  a n a l y s i s  are d i scussed  below. A f t e r  t h e  main 
a n a l y s i s  i s  completed, t h e  s e p a r a t e  t r a j e c t o r y  segments a r e  
merged t o g e t h e r  and transformed t o  s e v e r a l  coord ina te  
systems t o  provide t h e  ou tpu t  t r a j e c t o r y  l i s t i n g s  and t a p e s .  
Included i n  t h i s  ou tpu t  d a t a  process ing  i s  a rework of t h e  
f i r s t  20 seconds of t h e  a s c e n t  phase t o  b e t t e r  r e p r e s e n t  
t h e  e a r l y  launch p o r t i o n  of t h e  t r a j e c t o r y .  

3-1 
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3.1 (Continued) 

A l s o ,  t h e  t r a n s i e n t  a r e a s  of t h e  powered f l i g h t  p o r t i o n s  of 
t h e  t r a j e c t o r y  are reshaped i n  o r d e r  t o  bet ter  r e p r e s e n t  
t h e  engine s t a r t ,  c u t o f f ,  and mixture  r a t i o  s h i f t  c o n d i t i o n s  as w e l l  a s  t o  inco rpora t e  t h e  s p e c i f i c  even t  t i m e s .  

The main a n a l y s i s  e f f o r t  i s  conducted w i t h  two s e p a r a t e  
e s t ima t ion  techniques ,  v i z .  weighted least  squares  and 
Kalman r e c u r s i v e  e s t i m a t i o n  methods. These techniques are 
used t o  i t e r a t i v e l y  develop t h e  s e p a r a t e  powered and 
unpowered f l i g h t  t r a j e c t o r y  segm-ents wi th  t h e  c a p a b i l i t y  t o  
inco rpora t e  end p o i n t  c o n s t r a i n t s  a s  r equ i r ed  i n  o r d e r  t o  
provide t r a j e c t o r y  c o n t i n u i t y  and consis tency.  

3 * l e l  Weighted Leas t  Squares Es t imat ion  

The weighted-least-squares  e s t i m a t i o n  method i s  accomplished 
by t h e  Orbit Correc t ion  Program (OCP) and is  used t o  f i t  
t r a c k i n g  d a t a  and determine the unpowered or c o a s t i n g  phases 
of t h e  t r a j e c t o r y .  A comprehensive o r b i t a l  model, i nc lud ing  
pe r tu rb ing  a c c e l e r a t i o n s  such a s  vent ing ,  i s  used t o  
s imula te  t h e  t r a j e c t o r y .  D i f f e r e n t i a l  c o r r e c t i o n s  a r e  
app l i ed  t o  o b t a i n ,  g e n e r a l l y ,  t h e  i n i t i a l  v e h i c l e  p o s i t i o n  
and v e l o c i t y  p lus  the  cons t an t  t e r m s  i n  t h e  polynomials used 
t o  model t h e  pe r tu rb ing  a c c e l e r a t i o n s .  

3,1.2 Kalman Recursive Es t imat ion  

The Kalman r e c u r s i v e  e s t ima t ion  method i s  accomplished by 
the  Guidance and Tracking Evalua t ion  (GATE) program and i s  
g e n e r a l l y  used t o  determine t h e  powered f l i g h t  phases of 
t h e  t r a j e c t o r y  (boos t  and second burn phases ) .  Telemetered 
guidance v e l o c i t y  d a t a  from on-board t h e  v e h i c l e  a r e  used 
as gene ra t ing  parameters  i n  conjunct ion w i t h  a comprehensive 
g r a v i t y  model t o  produce a t r a j e c t o r y  t o  f i t  t h e  a v a i l a b l e  
t r a c k i n g  da ta .  For c o a s t  phases ,  where the guidance d a t a  
may be incomplete,  and where  d a t a  g r a n u l a r i t y  l i m i t s  t h e  
accuracy, a polynomial ( l i k e  OCP) or a t a b l e  can be used t o  
r e p r e s e n t  non-g rav i t a t iona l  a c c e l e r a t i o n s .  The Kalman 
es t ima t ion  scheme i s  g e n e r a l l y  used t o  s o l v e  f o r  c o e f f i c i e n t s  
of a guidance error model and, when d e s i r e d ,  f o r  c o r r e c t i o n s  
t o  i n i t i a l  p o s i t i o n  and v e l o c i t y .  

3 1.3 Est imat ion of T ra j ec to ry  Segments 

With both of t h e s e  programs, t h e  a n a l y s i s  proceeds by 
success ive  i t e r a t i o n s  t o  e l i m i n a t e  poor-qual i ty  and 
i n c o n s i s t e n t  t r a c k i n g  d a t a  from the s o l u t i o n s .  O t h e r  
e s t ima t ion  c o n t r o l s ,  such as r e l a t i v e  d a t a  weights ,  are 
v a r i e d  from run t o  run u n t i l  an o v e r a l l  best-estimate 
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3 . 1 . 3  (Continued) 

t r a j e c t o r y  i s  obta ined .  State v e c t o r s  from a d j a c e n t  segments 
can be used i n  a p a r t i c u l a r  segment and weighted a p p r o p r i a t e l y  
t o  provide i n i t i a l  OF f i n a l  c o n s t r a i n i n g  s ta te  vec to r s .  This  
c o n s t r a i n t  f e a t u r e  permi ts  t h e  development of a continuous 
and c o n s i s t e n t  t r a j e c t o r y  when t h e  segments are later merged, 
The c r i te r ia  f o r  e v a l u a t i n g  a p a r t i c u l a r  s o l u t i o n  inc lude  
t h e  magnitudes and shapes of t r a c k i n g  r e s i d u a l s  ( d i f f e r e n c e s  
between a c t u a l  t r a c k i n g  and t h e  s imulated t r a j e c t o r y )  , t h e  
va lues  of t h e  guidance e r r o r  model c o e f f i c i e n t s  o r  polynomial 
b i a s  terms, and t h e  cons is tency  between t h e  s e p a r a t e l y  
es t imated  t r a j e c t o r y  segments. A s t a t e  vec to r  compari- 
son i s  used f o r  judging t h e  cons is tency  between t h e  var ious  
s t a t e  v e c t o r s  developed a t  t i m e  p o i n t s  common t o  two t r a j e c -  
t o r y  segments. General ly ,  t h e  t i m e  p o i n t s  used f o r  t h i s  
s t a t e  vec to r  cons is tency  judgment are Ear th  Parking O r b i t  
I n s e r t i o n  (EPO) , R e s t a r t  P repa ra t ion  (somewhere i n  Timebase 61, 
and Translunar  I n j e c t i o n  ( T L I ) .  

3 .2  TRAJECTORY DATA SOURCES 

3.2.1 Tracking Data-Quantity 

T ime  per iods  f o r  which C-band r a d a r  and S-band t r ack ing  d a t a  
w e r e  a v a i l a b l e  f o r  AS-511 r e c o n s t r u c t i o n  a r e  i l l u s t r a t e d  i n  
Figure 3-1. The geographic l o c a t i o n s  of t h e  t r a c k i n g  s t a t i o n s  
are shown on ground t r a c k  Figures  2-1 and 2-8 and are i temized 
i n  Table 3-1. Most of t h e  t r a c k i n g  d a t a  was used exceQt f o r  
i s o l a t e d  p o i n t s  o r  f o r  d a t a  segments which w e r e  i n c o n s i s t e n t  
wi th  ad jacen t  da ta .  

The C-band t r a c k i n g  d a t a  w e r e  provided i n  azimuth angle ,  
e l e v a t i o n  angle ,  and s l a n t  range measured parameters ,  These 
measurements a r e  de f ined  i n  Reference 1 and a r e  des igna ted  
a s  PACSS3a. The USB t r a c k i n g  d a t a  were,provided i n  X-angle, 
Y-angle, range and range rate measured parameters.  These,  
a l s o ,  are def ined  i n  Reference 1, and a r e  des igna ted  as 
PACSS3c and 3d, f o r  t h e  30-foot and 85-foot antennas,  
r e spec t ive ly .  The Goldstone Wing d a t a  had hour angle  and 
d e c l i n a t i o n  i n s t e a d  of X and Y angles ;  t h i s  system is  
des igna ted  PACSS3b. 

A s  shown i n  Figure 3-b, adequate d a t a  e x i s t e d  i n  o r d e r  
t o  determine t h e  AS-511 t r a j e c t o r y .  I n  g e n e r a l ,  t r a c k i n g  
coverage was redundant except  f o r  t h e  second burn phase where 
no t r a c k i n g  w a s  a v a i l a b l e .  
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3.2.2 Tracking D a t a  - Q u a l i t y  

Measured parameter comparisons between t h e  t r a c k i n g  d a t a  
and t h e  t r a j e c t o r y  phases  w e r e  c a l c u l a t e d  i n  t h e  va r ious  
PACSS3 coord ina te  systems. The p o s i t i o n  components of t h e  
t r a j e c t o r y  i n  PACSSlO w e r e  t ransformed i n t o  t h e  measured 
parameters of t h e  PACSS3 system appropr i a t e  t o  each t r a c k e r .  
Residual  d i f f e r e n c e s  o r  dev ia t ions  (observed t r a c k i n g  data 
minus c a l c u l a t e d  t r ack ing  d a t a ,  0-C)  w e r e  determined f o r  t h e  
va r ious  t r ack ing  d a t a  sets. These r e s i d u a l  d i f f e r e n c e s  are 
used fo r  a s ses s ing  t h e  q u a l i t y  of  t h e  t r a c k i n g  d a t a  as w e l l  
as determining how w e l l  t h e  r econs t ruc t ed  t r a j e c t o r y  f i t s  
t h e  d a t a .  

The a scen t  phase measured parameter r e s i d u a l s  are shown i n  
F igures  3-2 through 3-7. M e r r i t t  I s l a n d ,  P a t r i c k ,  Grand 
Turk, and Bermuda C-band r e s i d u a l s  are g iven  i n  F igures  3-2 
through 3-5. Res idua ls  f o r  t h e  M e r r i t t  I s l a n d  and Bermuda 
S-band t r a c k e r s  are shown i n  F igu res  3-6 and 3-7. 

Measured parameter r e s i d u a l s  du r ing  t h e  park ing  o r b i t  phase 
are given i n  F igures  3-8 through 3-16. F i r s t  pas s  Bermuda 
and Carnarvon C-band r e s i d u a l s  are shown i n  F igures  3-8 
through 3-10; F igures  3-11 and 3-12 g ive  r e s i d u a l s  f o r  t h e  
Honeysuckle and Texas S-band t r a c k e r s .  C-band r e s i d u a l s  
f o r  second pass  M e r r i t t  I s l a n d ,  Bermuda and Carnarvon r a d a r s  
are g iven  i n  F igu res  3-13 through 3-16. 

The t r a n s l u n a r  phase measured parameter r e s i d u a l s  are g iven  
i n  F igures  3-17 through 3-23. S-band r e s i d u a l s  f o r  t h e  
H a w a i i ,  Texas, Goldstone,  Goldstone Wing, and Merritt I s l a n d  
t r a c k e r s  are shown i n  F igures  3-17 through 3-22. F igure  
3-23 shows t h e  Merritt I s l a n d  C-band radar r e s i d u a l s .  

It  i s  t o  be  noted t h a t  t h e  above measured parameter r e s i d u a l s  
f o r  a l l  phases of t h e  f l i g h t  d e p i c t  t h e  c o n s i s t e n t  d a t a  sets 
which w e r e  used i n  t h e  r econs t ruc t ion  of  t h e  va r ious  
t r a j e c t o r y  phases.  

3.2.3 Guidance Veloc i ty  D a t a  

Guidance v e l o c i t y  d a t a  throughout  t h e  s e p a r a t e  t r a j e c t o r y  
phases w e r e  rece ived  from t h e  ST-124M i n e r t i a l  p la t form.  
The v e l o c i t y  d a t a  dur ing  t h e  powered phases  ( a s c e n t  and 
second burn) w e r e  used d i r e c t l y  by t h e  GATE program as non- 
g r a v i t a t i o n a l  gene ra t ing  parameters .  Ve loc i ty  d a t a  dur ing  
t h e  o r b i t  phases (park ing  and t r a n s l u n a r )  w e r e  f i t t e d  wi th  
polynomials and used by t h e  OCP and GATE programs t o  provide  
non-g rav i t a t iona l  e f f e c t s  (see Paragraphs 2 .2  and 2 . 4 ,  and 
Figures  2-9 and 2-13). 
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3.3 CONSISTENCY BETWEEN TRACKING AND GUIDANCE VELOCITY 
DATA 

The cons is tency  between t r a c k i n g  and guidance v e l o c i t y  d a t a  
can be obtained by examining guidance v e l o c i t y  error p l o t s  
dur ing  powered f l i g h t  t r a j e c t o r y  segments. These e r r o r  p l o t s  
g ive  t h e  d i f f e r e n c e s  between t h e  guidance v e l o c i t i e s  from 
t h e  ST-124M pla t form and those  der ived  from t h e  r econs t ruc t ed  
t r a j e c t o r y  which f i t  t h e  t r a c k i n g  da ta .  

The guidance v e l o c i t y  e r r o r  p l o t s  f o r  t h e  ascent phase had 
reasonable  shapes and magnitudes . The maximum e r r o r  
amounted t o  0 . 4  m / s  (1.3 f t / s )  i n  t h e  v e r t i c a l  d i r e c t i o n ,  
2 .2  m / s  ( 7 . 2  f t / s )  i n  t h e  c ross range  d i r e c t i o n ,  and 0.5 m / s  
(1 .6  f t / s )  i n  t h e  downrange d i r e c t i o n ,  re ferenced  t o  t h e  
launch v e h i c l e  p la t form accelerometer  coord ina te  system 
( P A C S S 1 2 ) .  

The guidance v e l o c i t y  e r r o r  p l o t s  f o r  t h e  second burn phase 
a l s o  had reasonable  shapes and magnitudes p a r t i c u l a r l y  i n  
view of  t h e  exac t ing  c o n s t r a i n t s  of t h e  beginning and t h e  end 
of t h e  second burn phase t o  t h e  end of t h e  park ing  o r b i t  and 
t h e  beginning of t h e  t r a n s l u n a r  o r b i t  phases ,  r e s p e c t i v e l y ,  
The maximum e r r o r  amounted t o  0 .7  m / s  ( 2 . 3  f t / s )  i n  t h e  
v e r t i c a l  d i r e c t i o n ,  3.1 m / s  ( 1 0 . 2  f t / s )  i n  t h e  c ross range  
d i r e c t i o n ,  and 2.9 m / s  (9.5 f t / s )  i n  t h e  downrange d i r e c t i o n ,  
re ferenced  t o  PACSS12. 

3.4 C O N T I N U I T Y  BETWEEN TRAJECTORY PHASES 

The c o n t i n u i t y  between independently es t imated  t r a j e c t o r y  
segments is  used as one of t h e  i n d i c a t o r s  of t h e  t r a j e c t o r y  
accuracy. A measure of t h e  c o n t i n u i t y  between t w o  ad jacen t  
t r a j e c t o r y  segments i s  obta ined  by d i f f e r e n c i n g  t h e  s ta te  
v e c t o r s  a t  a t i m e  p o i n t  common t o  both segments. A s  noted 
i n  Paragraph 3.1.3, t h e  t i m e  p o i n t s  normally used f o r  c o n t i -  
n u i t y  judgments a r e  parking o r b i t  i n s e r t i o n ,  a p o i n t  some- 
where dur ing  S-IVB restart p r e p a r a t i o n  a f t e r  TB6 ,  and t r a n s -  
l una r  i n j e c t i o n .  Comparisons a t  t h e s e  t i m e  p o i n t s  w e r e  made 
f o r  t h e  AS-511 a n a l y s i s  and are desc r ibed  below. Following 
t h e s e  comparisons, t h e  s e p a r a t e  t r a j e c t o r y  segments w e r e  
merged t o g e t h e r ,  i n  t h e  manner a l s o  desc r ibed  below, t o  
provide t h e  complete t r a j e c t o r y  from GRR t o  CSM sepa ra t ion .  

Comparisons of t h e  s t a t e  v e c t o r s  a t  park ing  o r b i t  i n s e r t i o n  
obtained independent ly  by t h e  powered f l i g h t  and park ing  
o r b i t  ana lyses  y i e l d e d  e x c e l l e n t  agreement. The p o s i t i o n  
and v e l o c i t y  components of t h e  two bes t -es t imate  s o l u t i o n s  
had a spread  of 52 m (171  f t )  and O . l m / s  (0.3 f t / s )  i n  t h e  
v e r t i c a l  d i r e c t i o n ,  60 m (197  f t )  and 0.0 m / s  ( 0 . 0  f t / s )  i n  
t h e  cross range d i r e c t i o n ,  and 1 4  m ( 4 6  f t )  and 0 . 2  m / s  
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3.4 (Continued) 

( 0 . 7  f t / s )  i n  t h e  downrange d i r e c t i o n ,  re ferenced  t o  t h e  
ea r th - f ixed  launch s i te  coord ina te  system (PACSS10). Since  
t h e s e  d i f f e r e n c e s  are very s m a l l  and s i n c e  t h e  confidence 
f o r  t h e  boos t  t r a j e c t o r y  segment is  g r e a t e r  a t  EPO than  t h e  
parking o r b i t  segment (because t h e  boos t  f i t  had a v a i l a b l e  
more d a t a  nea r  EPO), t h e  EPO p o i n t  quoted i n  t h i s  document 
i s  taken from t h e  boos t  t r a j e c t o r y  segment. The park ing  
o r b i t  segment, however, i s  genera ted  from t h e  s t a t e  v e c t o r  
which w a s  ob ta ined  by t h e  composite f i t  of t h e  a v a i l a b l e  
parking o r b i t  t r a c k i n g  d a t a .  

Since no t r a c k i n g  d a t a  w e r e  a v a i l a b l e  dur ing  t h e  second burn 
per iod  bu t  t h e  Carnarvon second pass  t r a c k i n g  d a t a  w e r e  
a v a i l a b l e  dur ing  S-IVB restart p r e p a r a t i o n ,  a comparison w a s  
made between s t a t e  v e c t o r s  taken from t h e  end of t h e  parking 
o r b i t  phase (which used t h e  Carnarvon d a t a  i n  t h e  s o l u t i o n )  
and a r e s t a r t  t r a j e c t o r y  segment determined from a f i t  of t h e  
Carnarvon second pass  t r a c k i n g  d a t a  a lone.  The p o s i t i o n  and 
v e l o c i t y  components of t h e  s o l u t i o n s  had a spread of 337 m 
( 1 , 1 0 6  f t )  and 0.7 m / s  (2 .3  f t / s e c )  i n  t h e  v e r t i c a l  d i r e c t i o n ,  
248 m (814 f t )  and 0.7 m / s  (2.3 f t / s )  i n  t h e  c r o s s  range 
d i r e c t i o n ,  and 32 m ( 1 0 5  f t )  and 0 . 1  m / s  (0 .3  f t / s )  i n  t h e  
downrange d i r e c t i o n ,  re ferenced  t o  t h e  PACSSlO system. Since 
t h e s e  s o l u t i o n s  agree  w e l l  and s i n c e  t h e  confidence i n  t h e  
parking o r b i t  t r a j e c t o r y  segment i s  g r e a t e r  (because t h e  
composite s o l u t i o n  uses  s e v e r a l  trackers) than  t h e  s i n g l e  
t r ack ing  s t a t i o n  r e s t a r t  s o l u t i o n ,  a parking o r b i t  s t a t e  
vec to r  a t  9 ,150 .0  seconds range t i m e  was used t o  i n i t i a l i z e  
t h e  second burn t r a j e c t o r y  segment. 

The second burn t r a j e c t o r y  segment was developed by us ing  t h e  
ST-124 guidance d a t a  as gene ra t ing  parameters and i n t e g r a t i n g  
from t h e  parking o r b i t  s t a t e  vec to r  a t  9,150.0 seconds t o  t h e  
t r a n s l u n a r  o r b i t  s ta te  vec to r  a t  t r a n s l u n a r  i n j e c t i o n .  S t a t e  
vec to r  d i f f e r e n c e s  a t  T L I  (presented  below) between t h e  
cons t ra ined  i n t e g r a t i o n  and an unconstrained second burn 
i n t e g r a t i o n  a r e  compatible wi th  p o s s i b l e  guidance e r r o r s  
I t  should be poin ted  o u t  t h a t  no t r a c k i n g  d a t a  w e r e  a v a i l a b l e  
t o  e s t a b l i s h  t h e  post-TLI t r a j e c t o r y  u n t i l  314 seconds a f t e r  
TLI .  This  i n c r e a s e s  t h e  u n c e r t a i n t i e s  i n  t h e  T L I  v e c t o r ,  and 
cons t r a in ing  t h e  s o l u t i o n  t o  f i t  t h i s  T L I  s t a t e  vec to r  w i l l  
cause t h e  guidance errors t o  r e f l e c t  t h e s e  u n c e r t a i n t i e s  e 

The p o s i t i o n  and v e l o c i t y  components of t h e  two second burn 
i n t e g r a t i o n s  had a spread  a t  TLI  o f  442  m (1,450 f t )  and 2 . 6  
m / s  (8.5 f t / s )  i n  t h e  v e r t i c a l  d i r e c t i o n ,  695 m ( 2 , 2 8 0  f t )  
and 3.4 m / s  ( 1 1 . 2  f t / s )  i n  t h e  c r o s s  range d i r e c t i o n ,  and 
6 1  m (200  f t )  and 0.9 m / s  (3 .0  f t / s )  i n  t h e  downrange 
d i r e c t i o n ,  re ferenced  t o  t h e  PACSSlO system. The second 
burn guidance v e l o c i t y  errors r e s u l t i n g  from cons t r a in ing  t o  
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t h e  i n j e c t i o n  vec to r  had, as noted i n  Paragraph 3.3,  
reasonable  shapes and magnitudes. 

Severa l  i n j e c t i o n  vectors w e r e  ob ta ined  by s o l v i n g  f o r  
d i f f e r e n t  t r a n s l u n a r  t r a j e c t o r y  segments us ing  va r ious  
t r ack ing  d a t a  combinations. The p o s i t i o n  and v e l o c i t y  
components from a set  of t h e s e  s o l u t i o n s  had a spread a t  
TLI  of 459 m (1,506 f t )  and 0 . 1  m / s  (0.3 f t / s )  i n  t h e  
v e r t i c a l  d i r e c t i o n ,  796 m ( 2 , 6 1 2  f t )  and 0.5 m / s  ( 1 .6  f t / s )  
i n  t h e  cross range d i r e c t i o n  and 526 m ( 1 , 7 2 6  f t )  and 0 . 4  
m / s  (1.3 f t / s )  i n  t h e  downrange d i r e c t i o n ,  re ferenced  t o  
t h e  PACSSlO system. 

A s  an a d d i t i o n a l  v a l i d i t y  check on t h e  t r a n s l u n a r  phase,  
t h e  CSM s e p a r a t i o n  s t a t e  vec to r  w a s  propogated forward t o  
luna r  impact w i th  t h e  var ious  S- IVB v e l o c i t y  increments 
modeled. The r e s u l t a n t  l una r  impact p o i n t  i s  i n  e x c e l l e n t  
agreement with AS-511 luna r  impact p o i n t s  quoted i n  
Reference 2 .  

A s  noted above, t h e  TLI  s t a t e  vec to r  from t h e  t r a n s l u n a r  
segment w a s  used f o r  t h e  end of t h e  second burn segment. 
The c o n t i n u i t y  thus  provided a t  T L I  p l u s  t h e  c o n t i n u i t y  
a t  restart ,  d iscussed  above, provides  a completely cont in-  
uous t r a j e c t o r y  from t h e  s t a r t  of t h e  parking o r b i t  segment 
t o  t h e  end of t h e  t r a n s l u n a r  o r b i t  segment a t  CSM sepa ra t ion .  

3.5 TRAJECTORY UNCERTAINTIES 

A s  an a i d  i n  e s t i m a t i n g  t h e  t r a j e c t o r y  accuracy, some of t h e  
t r ack ing  data throughout t h e  va r ious  t r a j e c t o r y  phases w e r e  
transformed i n t o  t h e  ea r th - f ixed  launch s i t e  coord ina te  
system (PACSS10) p o s i t i o n  components and d i f f e renced  with 
t h e  r econs t ruc t ed  t r a j e c t o r y .  The r e s u l t i n g  r e s i d u a l s  o r  
dev ia t ions  provide a d i r e c t  i n d i c a t i o n  of t h e  spread  of t h e  
t r ack ing  d a t a  about t h e  t r a j e c t o r y .  

The p o s i t i o n  d e v i a t i o n s  dur ing  t h e  a s c e n t  phase are shown f o r  
t h e  C-band t r a c k e r s  i n  Figures  3-24 through 3-27. Deviations 
f o r  parking o r b i t  are shown i n  F igures  3-28 through 3-32, for 
Carnarvon C-band ( f i r s t  p a s s ) ,  Honeysuckle S-band, Texas 
S-band, Bermuda C-band I and Carnarvon C-band (second pass)  
Lrsckers ,  r e spec t ive ly .  Translunar  d e v i a t i o n s  f o r  t h e  H a w a i i  
and Goldstone S-band t r a c k e r s  are given i n  F igures  3-33 and 
3-34, r e s p e c t i v e l y .  

Based upon t h e  information of t h e  above paragraphs and 
a p r i o r i  knowledge, t h e  t r a j e c t o r y  u n c e r t a i n t i e s  w e r e  conser- 
v a t i v e l y  est imated.  The u n c e r t a i n t i e s  f o r  t h e  a scen t  phase 
are shown i n  Figure 3-35. A t  S - I C  OECO, t h e  u n c e r t a i n t i e s  
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3.5 . (Continued) 

in position and velocity components in PACSSlO are +70 m 
(t230 ft) and 50.4 m/s (k1.3 ft/s), respectively. ‘At S-I1  
OECO, the uncertainties in position and velocity components 
in PACSSlO are +360 m (+1,181 ft) and t0.7 m/s (2.3 ft/s), 
respectively. At insertion and throughout the parking orbit, 
the uncertainties in position and velocity components in 
PACSSlO are 2500 m (+1,640 ft) and t l . 0  m/s (3.3 ft/s), 
respectively. The trajectory uncertainties increased to 
+1,500 m (+4,921 ft) in position components and k1.5 m/s 
(4.9 ft/s) in velocity components at TLI and throughout the 
post-TLI trajectory. The total radius and velocity magnitude 
uncertainties throughout the parking orbit phase are 
estimated at +300 m (+984 ft) and t0.5 m/s (k1.6 ft/s): 
Similarly, the total radius and velocity magnitude uncertain- 
ties throughout the translunar orbit phase are estimated at 
k 1 , O O O  m (k3,281 ft) and 51.0 m/s (+3.3 ft/s). 
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APPENDIX A 

D E F I N I T I O N S  O F  TRAJECTORY SYMBOLS AND COORDINATE SYSTEMS 

SYMBOL DEFINITION 

XE, YE, ZE P o s i t i o n ,  v e l o c i t y ,  and acceleration 
DXE, DYE, DZE components of  v e h i c l e  Instrument  U n i t  
DDXE, DDYE, DDZE i n  Earth-Fixed Launch S i t e  Coordinate 

System. The o r i g i n  of t h i s  system i s  
a t  t h e  i n t e r s e c t i o n  of F i sche r  E l l i p -  
s o i d  (1960) and t h e  normal t o  it which 
passes  through t h e  launch s i te .  The 
X-axis co inc ides  w i t h  t h e  e l l i p s o i d  
normal pas s ing  through t h e  s i te ,  
p o s i t i v e  upward. The Z-axis i s  
p a r a l l e l  t o  t h e  ea r th - f ixed  f l i g h t  
azimuth, def ined  a t  guidance r e fe rence  
release t i m e ,  and i s  p o s i t i v e  downrange. 
The Y-axis completes a right-handed 
system. This  coord ina te  system i s  
i d e n t i c a l  t o  Standard Coordinate System 
10 of P r o j e c t  Apollo Coordinate System 
Standards,  abbrevia ted  a s  PACSS10. 

xs ,  YS, z s  P o s i t i o n ,  v e l o c i t y ,  and a c c e l e r a t i o n  
DXS, DYS, DZS components of  v e h i c l e  Ins t rument  Unit  
DDXS, DDYS, DDZS i n  Launch Vehicle  Navigat ion Coordinate 

System. The o r i g i n  of t h i s  system i s  
a t  t h e  center of t h e  e a r t h .  The X-axis 
is  p a r a l l e l  t o  F i sche r  E l l i p s o i d  normal 
through t h e  launch s i te ,  p o s i t i v e  upward. 
The Z-axis i s  p a r a l l e l  t o  t h e  f l i g h t  
azimuth, p o s i t i v e  downrange. The Y-axis 
completes a right-handed system. The 
d i r e c t i o n  of  t h e  coord ina te  axes remains 
f i x e d  i n  space a t  guidance r e f e r e n c e  
release. This coord ina te  system i s  
i d e n t i c a l  t o  Standard Coordinate System 
13 of P r o j e c t  Apollo Coordinate System 
Standards,  abbrevia ted  as PACSS13. 

GC DIST 
GC LAT 
GD LAT 
LONG 

P o s i t i o n  components of v e h i c l e  Instrument  
U n i t  i n  Geographic Polar  Coordinate 
System. P o s i t i o n  i n  t h i s  system is 
de f ined  by t h e  g e o c e n t r i c  d i s t a n c e  (GC 
DIST) , g e o c e n t r i c  l a t i t u d e  (GC LAT) I 

geode t i c  l a t i t u d e  (GD LAT) ,  and longi tude  
(LONG).  Geocen t r i c  d i s t a n c e  i s  t h e  
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APPENDIX A (Continued) 

EF VEL 
VEL-AZ 
VEL-EL 

SF VEL 
FLT-PATH 
HEAD 

d i s t a n c e  from t h e  geocenter  t o  v e h i c l e  
Instrument  U n i t .  Geocentr ic  l a t i t u d e  
is t h e  angle  between t h e  r a d i u s  vec to r  
of t h e  subvehic le  p o i n t  and t h e  
e q u a t o r i a l  p lane ,  p o s i t i v e  no r th  of t h e  
e q u a t o r i a l  plane.  Geodetic l a t i t u d e  i s  
t h e  angle  between t h e  normal t o  t h e  
F i sche r  E l l i p s o i d  through t h e  subvehic le  
p o i n t  and t h e  e q u a t o r i a l  p lane ,  p o s i t i v e  
no r th  of t h e  e q u a t o r i a l  plane.  Longi- 
t ude  i s  t h e  angle  between t h e  p r o j e c t i o n  
of t h e  r a d i u s  vec to r  i n t o  t h e  e q u a t o r i a l  
p lane  and t h e  Greenwich meridian,  
p o s i t i v e  e a s t  o f  t h e  Greenwich meridian,  
T h i s  coord ina te  system is  i d e n t i c a l  t o  
Standard Coordinate System 1 of P r o j e c t  
Apollo Coordinate System Standards,  
abbrevia ted  a s  PACSS1. 

Ear th- f ixed  v e l o c i t y  of v e h i c l e  Instrument  
U n i t  i n  Geographic Polar Coordinate System. 
Veloc i ty  i n  t h i s  system i s  given i n  terms 
of azimuth (VEL-AZ) , e l e v a t i o n  (VEL-EL), 
and magnitude of t h e  v e l o c i t y  vec to r  
(EF VEL). Azimuth i s  t h e  angle  between 
t h e  p r o j e c t i o n  of t h e  v e l o c i t y  v e c t o r  i n t o  
t h e  l o c a l  h o r i z o n t a l  p lane  and t h e  n o r t h  
d i r e c t i o n  i n  t h i s  p l ane ,  p o s i t i v e  east of 
nor th .  E leva t ion  is t h e  angle  between t h e  
v e l o c i t y  vec to r  and t h e  l o c a l  h o r i z o n t a l  
p l ane ,  p o s i t i v e  above t h e  h o r i z o n t a l  p lane ,  
T h i s  coord ina te  system i s  i d e n t i c a l  t o  
Standard Coordinate System 1 of P r o j e c t  
Apollo Coordinate System Standards,  
abbrevia ted  as PACSS1.  

Space-fixed v e l o c i t y  of v e h i c l e  Instrument  
Unit  i n  Geographic P o l a r  Coordinate System. 
Veloc i ty  i n  t h i s  system i s  given i n  terms 
of heading angle  (HEAD) ,  f l i g h t  path angle  
(FLT-PATH) , and magnitude of v e l o c i t y  
vec to r  (SF VEL). Heading angle  i s  t h e  
angle  between t h e  p r o j e c t i o n  of t h e  
v e l o c i t y  vec to r  i n t o  t h e  l o c a l  h o r i z o n t a l  
p lane  and t h e  no r th  d i r e c t i o n  i n  t h i s  
p lane ,  p o s i t i v e  e a s t  of nor th .  F l i g h t  
pa th  angle  is  t h e  angle  between t h e  
v e l o c i t y  v e c t o r  and t h e  l o c a l  h o r i z o n t a l  
p lane ,  p o s i t i v e  above the h o r i z o n t a l  

A- 2 
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plane.  T h i s  coord ina te  system i s  
i d e n t i c a l  t o  Standard Coordinate System 
1 of Project Apollo Coordinate System 
Standards,  abbrevia ted  a t  PACSS1. 

ALTITUDE 

RANGE 

TIME 

Perpendicular  d i s t a n c e  f r o m  vehicle 
Instrument  Unit  t o  F i sche r  E l l i p s o i d ,  
p o s i t i v e  above F i sche r  E l l i p s o i d .  

Sur face  range,  measured along F i sche r  
E l l i p s o i d  from t h e  launch s i t e  t o  t h e  
subvehic le  p o i n t .  

Range t i m e ,  r e fe renced  t o  n e a r e s t  i n t e g e r  
second b e f o r e  I U  umbi l i ca l  d i sconnec t .  

A-3 



D5-15560-11 

A-4 



D5-15560-11 

APPENDIX B 

TIME HISTORY O F  TRAJECTORY PARAMETERS - METRIC UNITS 

The p o s t f l i g h t  t r a j e c t o r y ,  from guidance r e fe rence  r e l e a s e  
t o  CSM s e p a r a t i o n ,  i s  t a b u l a t e d  i n  m e t r i c  u n i t s  i n  Tables 
B-I through B-VI I .  

Table B-I  g ives  t h e  ea r th - f ixed  launch s i t e  p o s i t i o n ,  
v e l o c i t y ,  and a c c e l e r a t i o n  components f o r  t h e  a s c e n t  phase 
of f l i g h t .  

Table B - I 1  g i v e s  t h e  launch v e h i c l e  nav iga t ion  p o s i t i o n ,  
v e l o c i t y ,  and a c c e l e r a t i o n  camponents f o r  t h e  a s c e n t  phase 
of f l i g h t .  

Table B - I 1 1  g ives  t h e  geographic  p o l a r  coord ina te s  f o r  t h e  
a scen t  phase of f l i g h t .  

Table B-IV g ives  t h e  geographic  p o l a r  coord ina tes  f o r  t h e  
parking o r b i t  phase of f l i g h t .  

Table B-V g ives  t h e  ea r th - f ixed  launch s i te  p o s i t i o n ,  
v e l o c i t y ,  and a c c e l e r a t i o n  components f o r  t h e  second burn 
and t r a n s l u n a r  phases of f l i g h t .  

Table B-VI g i v e s  t h e  launch v e h i c l e  nav iga t ion  p o s i t i o n ,  
v e l o c i t y ,  and a c c e l e r a t i o n  components f o r  t h e  second burn 
and t r a n s l u n a r  phases of f l i g h t .  

Table B - V I 1  g i v e s  t h e  geographic p o l a r  coord ina te s  f o r  t h e  
second burn and t r a n s l u n a r  phases of f l i g h t .  
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APPENDIX C 

TIMF: HISTORY O F  TRAJECTORY PARAMETERS - ENGLISH UNITS 

The p o s t f l i g h t  t r a j e c t o r y ,  from guidance r e fe rence  release 
t o  CSM s e p a r a t i o n ,  i s  t a b u l a t e d  i n  Engl ish u n i t s  i n  Table 
C-I  through C - V I I .  

Table C - I  g i v e s  t h e  ea r th - f ixed  launch s i te  p o s i t i o n ,  
v e l o c i t y ,  and a c c e l e r a t i o n  components f o r  t h e  a s c e n t  phase 
of f l i g h t .  

Table C - I 1  g ives  t h e  launch v e h i c l e  nav iga t ion  p o s i t i o n ,  
v e l o c i t y ,  and a c c e l e r a t i o n  components f o r  t h e  ascent phase 
of f l i g h t .  

Table C - I 1 1  g ives  t h e  geographic p o l a r  coord ina te s  f o r  t h e  
a scen t  phase of f l i g h t .  

Table C-IV g i v e s  t h e  geographic p o l a r  coord ina te s  f o r  t h e  
parking o r b i t  phase of f l i g h t .  

Table C-V g ives  t h e  ea r th - f ixed  launch s i t e  p o s i t i o n ,  
v e l o c i t y ,  and a c c e l e r a t i o n  components f o r  t h e  second burn 
and t r a n s  luna r  phases of f l i g h t .  

Table C-VI g i v e s  t h e  launch v e h i c l e  nav iga t ion  p o s i t i o n ,  
v e l o c i t y ,  and a c c e l e r a t i o n  components f o r  t h e  second burn 
and t r a n s l u n a r  phases of f l i g h t .  

Table C-VI1  g ives  t h e  geographic p o l a r  coord ina tes  f o r  t h e  
second burn and t r a n s l u n a r  phases of f l i g h t .  
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